The complete nucleotide sequence (119,707 bp) of the black pine (Pinus thunbergu) chloroplast genome has been determined. It contains 4 rRNA genes and 32 tRNA genes. 
encoding proteins and 11 conserved open reading frames are also found. Extensive rearrangements are apparent In the chloroplast genome relative to those of other land plants. The most strking feature is the los of all 11 functional genes (ndh genes) for subunits of a putative NADH dehydrogenase that are found in the chloroplast genomes of anglosperms and a bryophyte. Four ndh genes were completely lost and the other 7 genes remain as obvious pseudogenes. This unexpected finding raises the possibility that all ndh genes have been trnsferred to the nucleus or that an NADH dehydrogenase is not essential in black pine chloroplasts.
Chloroplast genome structure has been studied in a variety of plants (1-3). Among land plants, the chloroplast genome generally consists of homogeneous circular double-stranded DNA molecules of kbp. An outstanding feature of chloroplast DNAs found in most plants is the presence of a large inverted repeat (IR) of kbp (1). Some legume and conifer chloroplast DNAs are exceptions to this pattern and lack IRs (4) (5) (6) (7) (8) (9) . However, our previous analysis (10) indicated that the loss of an IR is partial at least in black pine chloroplasts as its genome retains an IR remnant.
The chloroplast genome has been extensively studied in a number of land plants and algae. The entire genomic sequence has been reported for rice, tobacco, Epifagus virginiana, liverwort, and Euglena gracilis (11) (12) (13) (14) (15) , but limited sequence analysis has been carried out on chloroplast genomes from gymnosperms (10, (16) (17) (18) (19) (20) (21) . In view of the worldwide environmental importance of gymnosperms, in particular forest trees, their evolutionary distance from angiosperms, and their ability to synthesize chlorophyll in the dark (22) , we have determined the complete nucleotide sequence of the black pine chloroplast genome.
Chloroplasts and mitochondria are the major sites for energy conversion in plant cells. The respiratory chain of mitochondria contains a large number of electron-carrying proteins that act in sequence to transfer electrons from substrate to oxygen. In this chain, an NADH dehydrogenase that consists of >30 subunits plays a main role in electron transfer. Eleven chloroplast DNA sequences (ndhA-K) whose predicted amino acid sequences resemble those of components of the mitochondrial NADH dehydrogenase have been found in -all photosynthetic land plants so far examined (11, 12, 14, 23) . As these sequences have been shown to be actively transcribed at least in tobacco and translation products from some of these sequences have been detected, the existence of a respiratory chain in higher plant chloroplasts has been suggested (24) . We report here, however, that the chloroplast genome of black pine contains no functional ndh sequences-four ndh genes are completely missing and the remaining seven ndh genes are pseudogenes. ¶ We also present the entire gene organization ofthis chloroplast genome.
MATERIALS AND METHODS
Chloroplast DNA from the black pine (Pinus thunbergii) was isolated as reported (25) and construction of the clone bank and physical map for black pine chloroplast DNA were as described (10) . DNA sequences were determined by the dideoxynucleotide chain-termination method using pUC118/ 119 and Bluescript SK/KS manually and later by automated DNA sequencers as reported (10 Table 1 .
Extensive rearrangements are evident in the black pine genome. For example, relative to tobacco, rbcL and its neighboring regions in the LSC are inverted and a large region including psaAB is moved to the SSC (details will be discussed elsewhere). The chloroplast genome organization of black pine, therefore, differs considerably from the organization of rice (11), tobacco (12) , and liverwort (14) . It is also different from another gymnosperm, Ginkgo biloba, which contains a rDNA-containing IR (27) , and from pea and broad bean, which lack IRs (4, 5) . Such high rearrangements in chloroplast genomes from Douglas fir, radiata pine, and lodgepole pine have been shown by gene mapping using heterologous probes (7, 28) . The black pine genome seems to be similar in structure to radiata pine rather than Douglas fir whose genome has a 40-to 50-kbp inversion from atpA to atpE relative to radiata pine (7) .
Genes for the Genetic System. A rRNA gene cluster is located in the middle of SSC. The cluster is arranged in the order of 16SrDNA, trnl(GAU), trnA(UGC), 23SrDNA, 4.5SrDNA, SSrDNA, and trnR(ACG), which is similar to the order in land-plant chloroplasts except for the absence of the front trnV(GAC). Thirty-two tRNA genes were identified based on possible secondary structures and anticodons (29) . trnP(GGG) and trnR(CCG) are additional tRNA genes in tobacco and rice, and trnP(GGG) is a tRNA gene, to our knowledge, not found in any of the chloroplast genomes studied. trnR(CCG) was first reported in liverwort (14) . Black pine has the largest number of chloroplast tRNA genes so far described (32 in black pine, 31 in liverwort, 30 in tobacco and rice, 27 in Euglena, and 17 in Epifagus). The structure of these tRNA genes and the codon recognition of these predicted tRNAs are discussed elsewhere in detail (29) . Genes encoding stable RNAs other than rRNAs and tRNAs have been found for tscA in Chlamydomonas reinhardtii (41) and for sprA in tobacco (42) , whereas their homologous sequences are not present in black pine.
A total of 20 ribosomal protein genes have been identified in black pine chloroplast DNA, all of which are also found in tobacco (12) , rice (11) , and maize (30) . The only difference from the angiosperms is that rpsl6 is missing in black pine. In this respect the black pine is similar to liverwort but it lacks rpl2l, which has so far been reported only in liverwort (14) .
An intact gene encoding initiation factor IF1 (infA) is present, whereas a gene for elongation factor EF-Tu is absent; the opposite is true in Euglena (15) . Four genes encoding subunits ofRNApolymerase (rpoA, rpoB, rpoCI, and rpoC2) are present as in land plants. The black pine rpoC2 genes contain no extra sequences as in rice and maize (31, 32) .
Genes for the Photosynthefic Appartus. Black pine chloroplast DNA contains at least 33 genes encoding components of the photosynthetic apparatus (33) . Twenty-nine of these genes have been identified in angiosperms. An additional 4 genes are psaM, chlB, chML, and chlN. The psaM gene was first described for cyanobacteria (34) and is also present in liverwort (14) and Euglena (15) . The chMB, chlL, and chIN genes are required for light-independent chlorophyll accumulation in Chlamydomonas as shown by chloroplast transformation experiments (35-37), and their homologues are also present in liverwort (14) , two other pines (20) , fern (38) , (39) , but not in angiosperms. The presence of these three genes may relate the ability of pines to synthesize chlorophyll in the dark.
The psaM gene was found to be duplicated in black pine chloroplast DNA. The two psaM copies are identical and separated by 43 kbp in the LSC with the opposite orientation. The duplicated sequence spans 800 bp and contains trnS-(GCU) in the downstream region from psaM and the 5' part of a conserved ORF33. A duplication of psbA has been reported in two other Pinus species (19) . Gene duplication in a single-copy region is not restricted to psaM but extends to some tRNA genes, trnH(GUG) and trnT(GGU), in addition to trnS(GCU), suggesting again that extensive rearrangements have occurred in Pinus species.
Loss ofndh Genes. The black pine chloroplast genome lacks all 11 intact ndh genes found in tobacco (12) , rice (11) , and liverwort (14) . The four genes (ndhA, ndhF, ndhG, and ndhJ) have been lost completely, and the other seven remain as pseudogenes (ndhC, ndhE, and ndhK) and as truncated pseudogenes (ndhB, ndhD, ndhH, and ndhI). These pseudogenes contain multiple stop codons and frameshifts; short deletions and short insertions occur throughout the sequences (Fig. 2) . Overall similarity of nucleotide sequences between these qmndh sequences and the corresponding regions of intact tobacco ndh genes is 60-80%o when gaps are introduced.
The tobacco ndhB is located between rps7 and trnL(CAA) in the IR and consists of exon 1 (777 bp), intron (757 bp), and exon 2 (756 bp). The truncated pseudogene for ndhB of black pine is also located in the position similar to tobacco but in the SSC and contains a 5' part (83 bp) of exon 1 and 260 bp encompassing the exon 1-intronjunction (Fig. 2A) . The three genes, ndhC, ndhK, and ndhJ, are present in this order in the LSC of tobacco with the first two genes overlapping (Fig.   2B ). This overlap is retained for OndhC and qsndhK in black pine, whereas ndhJ is missing.
In the tobacco SSC, rpsl5, ndhH, ndhA, ndhI, ndhG, ndhE, psaC, ndhD, 0RF313, trnL, rpl32, and ndhF are arranged in this order. undhH, q/ndhl, *ndhE, psaC, and Md/D are located between rpsl5 and 0RF320 in the black pine SSC (Fig. 2C) but ndhA, ndhG, and ndhF homologues are missing completely. The ndhA gene was lost with a 3' portion (60%o) of the upstream ndhH and a 5' part (25%) ofthe downstream ndhI, leaving truncated pseudogenes for ndhH (5' part, 40%) and nd/lI (3' part, 75%o) in the black pine genome. Two more deletions occurred so that ndhG was completely lost and the 3' part (50%o) of ndhD disappeared leaving a truncated OndhD.
It is surprising that all intact ndh genes are absent in the gymnosperm black pine but present in angiosperms and a bryophyta (liverwort). Evidence for the existence of chlororespiration in green algae has steadily accumulated (44) (45) (46) (47) . Chlororespiration may also be present in tobacco and pea (48) . In addition, an 18-kDa iron-sulfur protein was detected from a high-salt extract of the Chlamydomonas thylakoid membrane and found to be the product from ndhIl (49) , while the same situation appears to occur in tobacco chloroplasts as well (50) . A thylakoid membrane component in pea has been shown to cross-react with specific antibodies raised to the ndhK gene product expressed in Escherichia coli (51) . The ndhK product was also detected in soybean thylakoid proteins using antibodies raised against mitochondrial complex I (52) .
One plausible explanation for the absence of ndh genes in the black pine chloroplast DNA is that all chloroplast ndh genes have been transferred to the nuclear genome. However, the possibility that an NADH dehydrogenase is absent at least in black pine chloroplasts cannot be ruled out. The plastid genome of a nonphotosynthetic plant, Epifagus, lacks all genes for photosynthesis and chlororespiration, only a truncated pseudogene for ndhB remains from the 11 ndh genes (13) . In addition, ndh genes are absent in the Euglena chloroplast genome (15) , and the apparent absence of ndh genes has also been reported in the chloroplast genome of Porphyra purpurea (39) and the holoparasitic flowering plant Cuscuta reflexa (53) . As a relevant situation, in both Saccharomyces cerevisiae and Shizosaccharomyces pombe, ndh genes are absent from the mitochondrial genomes, while other related fungi, Aspergillus and Neurospora, still have a set of seven mitochondrial ndh genes (43) . Moreover, it is thought that S. cerevisiae and S. pombe entirely lack not only the mitochondrial ndh genes, but also complex I itself. Our unexpected finding reported here raises the question of whether or not an NADH dehydrogenase is active in the chloroplast ofblack pine. Further studies on the function and significance of chloroplast and nuclear ndh genes are necessary.
Intron Content. As shown in tobacco and liverwort (see Fig. 3 ). All 16 introns in black pine chloroplasts (in which split rpsl6, ndhA, and ndhB genes are absent) are conserved in position with tobacco split genes.
Overview of Gene Content Evolution. We have determined the complete nucleotide sequence of black pine chloroplast DNA. This helps to fill in the gap that had existed in entire gene content data between angiosperm and bryophyta chloroplast genomes. Fig. 3 
